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Paramagnetic Nematic Liquid Crystals 
S. CHANDRASEKHAR, B.K.SADASHIVA a n d  B.S.SRIKANTA 
Raman R e s e a r c h  I n s t i t u t e ,  Bangalore  560080, I n d i a  
Abstract. F i v e  nematogenic  complexes ,  b i s [  1-( p-n-decyl- 
b i p h e n y l )  3-( p - s u b s t i t u t e d  p h e n y l )  propane- l13-d iona to1-  
c o p p e r  ( I I ) ,  have been p r e p a r e d .  The mesophase,  which 
o c c u r s  m o n o t r o p i c a l l y  i n  a l l  of them, i s  o f  t h e  u s u a l  
n e m a t i c  t y p e ,  b u t  h a s  p a r a m a g n e t i c  p r o p e r t i e s .  Magnet ic ,  
d i e l e c t r i c  a n d  e l e c t r o n  p a r a m a g n e t i c  r e s o n a n c e  measurements  
a r e  p r e s e n t e d .  A p r e l i m i n a r y  a n a l y s i s  of t h e  d a t a  i n d i c a t e s  
t h e  e x i s t e n c e  of a n t i p a r a l l e l  c o r r e l a t i o n s  i n  t h e  n e m a t i c  
p h a s e .  
Introduction 
I n  a recent n o t e , ’  w e  p r e s e n t e d  examples  o f  new com- 
p l e x e s  t h a t  form p a r a m a g n e t i c  n e m a t i c  l i q u i d  c r y s t a l s .  We 
e s t a b l i s h e d  by m i s c i b i l i t y  s t u d i e s  t h a t  t h e  mesophases  
are of t h e  u s u a l  n e m a t i c  t y p e ,  i . e . ,  composed o f  r o d - l i k e  
m o l e c u l e s ,  and by m a g n e t i c  s u s c e p t i b i l i t y  measurements  
t h a t  t h e y  are ,  i n  f a c t ,  p a r a m a g n e t i c .  We now d e s c r i b e  
some f u r t h e r  i n v e s t i g a t i o n s  o n - t h e s e  materials. 
The f irst  copper  c o n t a i n i n g  ( d i s c o t i c )  mesogens were 
p r e p a r e d  by Giroud-Godquin and B i l l a r d ,  * 1 3  and s i n c e  
4-7 t h e n  o t h e r  similar mater ia ls  have  been s y n t h e s i z e d ,  
b u t  none of  them e x h i b i t  a n e m a t i c  p h a s e .  We f e l t  t h a t  
i t  would be of i n t e r e s t  t o  e x p l o r e  t h i s  p o s s i b i l i t y ,  
and  were a b l e  t o  p r e p a r e  a few nematogenic  c o p p e r  comple- 
x e s .  After t h e s e  s t u d i e s  had been comple ted ,  we came 
a c r o s s  a r e p o r t  by Galyametdinov e t  a l . 8  on b i s ( 4 - h e p t y l o x y  
-2-hydroxy-N-4-phenyloxy ( d o d e c y l o x y b e n z o a t e )  b e n z a l d i m i -  
1 
P r e s e n t e d  a t  t h e  F i f t h  European Winter  L i q u i d  
C r y s t a l  C o n f e r e n c e ,  B o r o v e t s ,  B u l g a r i a ,  March I987 
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94 S. CHANURASEKHAR, B. K. SADASHIVA AND B. S. SRIKANTA 
n a t o )  c o p p e r  (11). However, a s  even  t h e  t r a n s i t i o n  tempera-  
t u r e s  of t h i s  complex are  n o t  g i v e n  i n  t h e i r  r e p o r t , 8  we 
s h a l l  n o t  d i s c u s s  t h e i r  work a n y  f u r t h e r  i n  t h i s  p a p e r .  
E x p e r i m e n t a l  
4-n-Decyl-4'-acetylbiphenyl was p r e p a r e d  f o l l o w i n g  
t h e  method d e s c r i b e d  by Byron e t  a l . '  The l i g a n d s  and  
t h e  c o r r e s p o n d i n g  c o p p e r  complexes were p r e p a r e d  a c c o r d i n g  
t o  t h e  scheme shown i n  f i g u r e  1. All t h e  complexes  were 
r e c r y s t a l l i s e d  s e v e r a l  times from m e t h y l  e t h y l  k e t o n e  
and  o b t a i n e d  a s  g r e e n  n e e d l e s .  The t r a n s i t i o n  tempera-  
t u r e s  were d e t e r m i n e d  w i t h  a p o l a r i z i n g  m i c r o s c o p e  e q u i -  
pped w i t h  a h e a t i n g  s b a g e  and  a c o n t r o l l e r  ( M e t t l e r  
FP52 and FP5) and from thermograrns r e c o r d e d  on a d i f f e -  
r e n t i a l  s c a n n i n g  c a l o r i m e t e r  (Perk in-Elmer ,  Model DSC2 o r  
DSC4). The calorimeter was c a l i b r a t e d  u s i n g  p u r e  indium 
a s  a s t a n d a r d .  The e n t h a l p i e s  of t r a n s i t i o n s  were a l s o  
c a l c u l a t e d  from t h e  thermograms.  The p u r i t y  was checked  
by a n a l y t i c a l  and s p e c t r a l  d a t a .  The e l e m e n t a l  a n a l y s i s  
d a t a  are g i v e n  i n  t a b l e  1. I n f r a r e d  and  e l e c t r o n i c  a b s o r p -  
t i o n  s p e c t r a  were r e c o r d e d  on Shimadzu IA-435 and H i t a c h i  
U-3200 s p e c t r o p h o t o m e t e r s .  T y p i c a l  v a l u e s  f o r  complex 3 
o f  t a b l e  2 are - 
I R  Vmax ( n u j o l  m u l l )  1588 cm-' a n d  1608 em-' 
UV-VIS h i z E 1 3 ( ~ )  366 (84,000) 316 (57,000) and 
240 (51 ,000) .  
Magnet ic  s u s c e p t i b i l i t y  measurements  were made u s i n g  
a Cahn RG b a l a n c e ,  which was c a l i b r a t e d  w i t h  Hg[CO(SCN)4]. 
EPR s p e c t r a  were r e c o r d e d  on  a V a r i a n  El09  s p e c t r o m e t e r  
o p e r a t i n g  a t  X-band f r e q u e n c y  ( 9 . 0 5  GHz); t h e  s a m p l e s  
were h e a t e d  u s i n g  a V a r i a n  v a r i a b l e  t e m p e r a t u r e  acce- 
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I NaH 
R = C H 3 ,  C2H5 O C H 3  O C 2 H 5  or O Q H 7  
Fig. 1. Synthetic route fo r  bis[ 1-(p-n-decylbiphenyl) 
3-(p-substituted phenyllpropane 1,3-dionatol 
copper (11) complexes. 
Table 1.  Elemental analysis data of the complexes I 
Complex Calculated, % Found, % 
number C H C H 
1 79.22 7.63 79.20 7.54 
3 76.68 7.39 76.76 7.39 
4 76.93 7.58 76.79 7.49 
2 79.39 7.82 79-30 7.82 
5 77.16 7.75 77.02 7.65 
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96 S. CHANDRASEKHAR, 9. K. SADASHIVA AND B. S. SRIKANTA 
s s o r y  (E257/WL-257) and t h e  t e m p e r a t u r e  was c o n t r o l l e d  
by n i t r o g e n  gas flow. The d i e l e c t r i c  c o n s t a n t s  were 
measured w i t h  a Wayne-Kerr b r i d g e  (Model B642) o p e r a t i n g  
a t  1592 Hz. 
Thermodynamic data 
The t e m p e r a t u r e s  and h e a t s  o f  t r a n s i t i o n  f o r  t h e  
f i v e  complexes are g i v e n  i n  t a b l e  2 .  The t r a n s i t i o n  
t o  t h e  n e m a t i c  p h a s e  i s  monot ropic  i n  a l l  f i v e  cases. 
Complexes 1 and 2 show t h e  n e m a t i c  p h a s e  a f te r  c o n s i -  
d e r a b l e  s u p e r c o o l i n g  o f  t h e  i s o t r o p i c  l i q u i d ,  so t h a t  
t h e  c r y s t a l l i s a t i o n  i s  more o r  less immedia te ,  Hence 
T a b l e  2. T r a n s i t i o n  t e m p e r a t u r e s  ("C) and 
h e a t s  o f  t r a n s i t i o n  ( k c a l s h o l e )  
K N I Complex number 
. 224.0  . ( 1 6 9 . 5 I a  . 1 
. 181.5  . (153.8Ia . 2 C2H5 - 
3 OCH3 . 194.0 . ( 1 7 9 . 0 )  . 
. 186.6 . ( 1 6 6 . 5 )  . 4 0C2H5 
5 OC3H7 . 183.5 . ( 1 5 3 . 5 )  . 
CH3 1 2 . 6 8  
9 . 2 0  
- 
12.11 0 .092  
12.24 0 . 0 9 3  
13.66 0 .096  
K : C r y s t a l ,  N :Nematic and I : I s o t r o p i c  l i q u i d  
The h e a t  o f  t r a n s i t i o n  c o u l d  n o t  be a c c u r a t e l y  a 
d e t e r m i n e d  because  of t h e  o n s e t  of c r y s t a l l i -  
s a t i o n  
The t e m p e r a t u r e  i n  p a r e n t h e s e s  i n d i c a t e s  a mono- 
t r o p i c  t r a n s i t i o n .  
D
o
w
n
lo
ad
ed
 A
t:
 0
9:
31
 2
0 
Ja
nu
ar
y 
20
11
PARAMAGNETIC NEMATIC LIQUID CRYSTALS 91 
t h e  h e a t  o f  N - I  t r a n s i t i o n  ( A H  ) c o u l d  n o t  be measured 
f o r  t h e s e  two cases. For  complexes 3 ,  4 and 5 , A H N I = 0 . 0 9 2 ,  
0 .093  and  0.096 k c a l s / m o l e  r e s p e c t i v e l y .  These  v a l u e s  
a r e  s l i g h t l y  l o w e r  t h a n  what is  u s u a l l y  o b s e r v e d  f o r  
t h i s  t r a n s i t i o n . "  Complex 3 e x h i b i t s  a m e t a s t a b l e  n e m a t i c  
p h a s e  which e x i s t s  o v e r  a n  a p p r e c i a b l e  t e m p e r a t u r e  r a n g e  
b e f o r e  c r y s t a l l i s a t i o n  o c c u r s .  A s  s u c h  a number o f  p h y s i -  
c a l  measurements  c o u l d  be made on  t h i s  complex. 
N I  
S t r u c t u r e  I ( f i g u r e  1 )  c a n  be l o o k e d  upon as  a n  
e l o n g a t e d  m o l e c u l e  w i t h  two l a t e r a l  s u b s t i t u e n t s :  t h e  
two b i p h e n y l  m o i e t i e s  w i t h  t h e  d e c y l  c h a i n s  form t h e  
l o n g  a x i s ,  w h i l e  t h e  two p h e n y l  r i n g s  w i t h  R form t h e  
' l a t e r a l '  s u b s t i t u e n t .  C o n s e q u e n t l y ,  t h e  mesophases  o f  
t h e s e  complexes may be e x p e c t e d  t o  be  of  t h e  u s u a l  n e m a t i c  
1 
type .  composed g f  ' r o d - l i k e '  m o l e c u l e s .  T h i s  was c o n f i r m e d  
by s t u d y i n g  t h e  m i s c i b i l i t y  of complex 3 w i t h  t h e  we l l  
known nernat  o g e n  4f t -n-penty l -4-cyano-p- te rphenyl  (5CT). 
For  t h e  s a k e  o f  c o m p l e t e n e s s ,  we r e p r o d u c e  t h e  m i s c i b i -  
l i t y  d iagram i n  f i g u r e  2. It  was a l so  a s c e r t a i n e d  t h a t  
t h e  n e m a t i c  p h a s e s  o f  complexes 3 a n d  4 are c o n t i n u o u s l y  
m i s c i b l e .  
Magnetic susceptibility measurements 
The m a g n e t i c  s u s c e p t i b i l i t i e s  i n  t h e  t h r e e  p h a s e s  
o f  complex 3 ,  u n c o r r e c t e d  for  d iamagnet i sm,  were found 
t o  be:  
= 901.4 mean P o l y c r y s t a l  a t  27OC 
Nematic a t  175OC e m u h o l e  
I s o t r o p i c  l i q u i d  a t  2 0 0 0 ~  X = 60.1 J i s  
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i 
0 20 40 60 80 xx) 
5 CT Weight Ol0 Complex 3 
F i g . 2 .  M i s c i b i l i t y  d iagram o f  5CT w i t h  complex 3. S q u a r e s  
r e p r e s e n t  t h e  s o l i d - n e m a t i c  o r  s o l i d - i s o t r o p i c  
t r a n s i t i o n s  d e t e r m i n e d  i n  t h e  h e a t i n g  mode, and  
c i r c l e s  t h e  i s o t r o p i c - n e m a t i c  ( I - N )  t r a n s i t i o n s  
d e t e r m i n e d  i n  t h e  c o o l i n g  mode. The dashed  l i n e s  
s i g n i f y  monot ropic  t r a n s i t i o n s .  
It was v e r i f i e d  t h a t  t h e  a n i s o t r o p y  of m a g n e t i c  s u s c e -  
p t i b i l i t y  i n  t h e  n e m a t i c  p h a s e  i s  p o s i t i v e  (AX = AXpara+ 
> 0 )  by o b s e r v i n g  t h e  F r e e d e r i c k s z  t r a n s i t i o n  i n  “dia 
a h o m e o t r o p i c a l l y  a l i g n e d  sample  (bend g e o m e t r y ) ;  t h e  
t h r e s h o l d  f i e l d  was 6.6 kG for a sample  of t h i c k n e s s  
25 pm. S i n c e  t h e  d i a m e t e r  of t h e  sample  c o n t a i n e r  of 
t h e  Cahn RG b a l a n c e  was a b o u t  5 mm and  t h e  m a g n e t i c  f i e l d  
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u s e d  was 3 kG, i t  i s  c l e a r  t h a t  t h e  measured  s u s c e p t i b i -  
l i t y  i n  t h e  n e m a t i c  p h a s e  r e p r e s e n t s  X I ,  f o r  a n  a l i g n e d  
sample .  
170- 
h 
-w 
cl 
150- 
v 
A + . _  
'i . -  130- 
+ a 
8 
5 110- 
g 90 -  
v) 
U .- 
4- 
0 
70 
z 
XI, and Xis were a l so  d e t e r m i n e d  a s  f u n c t i o n s  of 
t e m p e r a t u r e .  The t e m p e r a t u r e  s t a b i l i t y  was e s t i m a t e d  
t o  be b e t t e r  t h a n  kO.2OC. The o b s e r v e d  m o l a r  s u s c e p t i b i -  
l i t y  is  p l o t t e d  a g a i n s t  T i n  f i g u r e  3. 
r 
- 
0 
0 
0 
+ 0 
428 4 44 460 4 76 
Temperature (K)  
Fig.3. E x p e r i m e n t a l  v a l u e s  of t h e  m a g n e t i c  s u s c e p t i b i l i t y  
( u n c o r r e c t e d  f o r  d i a m a g n e t i s m ) .  Open c i r c l e s  r e p r e -  
s e n t X i s o t r o p i c  a n d  c l o s e d  c i rc les  X I ,  i n  t h e  n e m a t i c  
phase .  The arrow r e p r e s e n t s  t h e  N - I  t r a n s i t i o n  
t e m p e r a t u r e .  
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was c o r r e c t e d  f o r  d iamagnet i sm by t h e  s t a n d a r d  
p r o c e d u r e .  l 1  The d i a m a g n e t i c  a n i s o t r o p y  i n  t h e  n e m a t i c  
p h a s e  was c a l c u l a t e d  by F l y g a r e ' s  method, l 2  which  h a s  
13-15 proved  t o  be q u i t e  s u c c e s s f u l  i n  a number of c a s e s .  
The c o n t r i b u t i o n  of t h e  a l k y l  c h a i n s  t o  t h e  a n i s o t r o p y  
was t a k e n  t o  be  n e g l i g i b l e .  I3- l7  One t h e n  ge ts  
Xis 
where S i s  t h e  o r d e r  p a r a m e t e r ,  which c a n  be o b t a i n e d  
from t h e  Maier-Saupe t h e o r y .  Al though t h e  a b s o l u t e  v a l u e  
of S d e r i v e d  from t h i s  t h e o r y  may be i n  e r r o r ,  t h e  p r e d i c -  
t e d  t e m p e r a t u r e  v a r i a t i o n  o f  S t e n d s  t o  be r e a s o n a b l y  
a c c u r a t e  ( e x c e p t  v e r y  c lose t o  t h e  t r a n s i t i o n ) .  A s  we s h a l l  
see ,  it i s  t h e  t e m p e r a t u r e  v a r i a t i o n  t h a t  i s  p r o b a b l y  
more r e l e v a n t  t o  o u r  d i s c u s s i o n .  The c a l c u l a t e d  s u s c e p t i -  
b i l i t i e s  i n  t h e  i s o t r o p i c  and n e m a t i c  p h a s e s  a re  g i v e n  
i n  f i g u r e  4 ;  t h e  t r e n d  i s  i n  a g r e e m e n t  w i t h  e x p e r i m e n t a l  
c u r v e s  f o r  d i a m a g n e t i c  n e m a t i c s .  1 7 , 1 8  
The p a r a m a g n e t i c  s u s c e p t i b i l i t y ,  a f t e r  c o r r e c t i n g  f o r  
d iamagnet i sm,  v e r s u s  1 /T i s  p r e s e n t e d  i n  f i g u r e  5. There  
i s  a Curie-Law t y p e  o f  v a r i a t i o n  i n  b o t h  p h a s e s ,  b u t  t h e  
s l o p e  f o r  x .  i s  n e a r l y  twice t h a t  f o r  X I ,  i n  t h e  n e m a t i c .  
A p l o t  o f  1 /x  v e r s u s  T a l s o  l e a d s  t o  e s s e n t i a l l y  t h e  same 
c o n c l u s i o n .  The n e g a t i v e  p a r a m a g n e t i c  a n i s o t r o p y  of  t h e  
m o l e c u l e  may a c c o u n t  f o r  a small p a r t  o f  t h e  d i f f e r e n c e  
i n  t h e  s l o p e s ,  b u t  even  a l l o w i n g  f o r  t h i s ,  i t  a p p e a r s  t h a t  
t h e  e f f e c t i v e  m a g n e t i c  moment p e r  m o l e c u l e  i s  lower i n  t h e  
n e m a t i c ,  p e r h a p s  due t o  a n t i p a r a l l e l  c o r r e l a t i o n s  i n  
t h i s  phase .  However f u r t h e r  s t u d i e s  a r e  n e c e s s a r y  b e f o r e  
t h i s  r e s u l t  c a n  be e s t a b l i s h e d  c o n c l u s i v e l y .  
1s 
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I I P 
- -  550 \ 
F i g . 4 .  C a l c u l a t e d  d i a m a g n e t i c  s u s c e p t i b i l i t y .  Open 
c i r c l e s  r e p r e s e n t  X i s o t r o p i c  and c l o s e d  c i r c l e s  
x,, i n  t h e  n e m a t i c  p h a s e .  
64 I I tl L 1 I I 
21.0 21.4 21.8 22.2 22.6 23.0 23.4 23.8 
1 x lo4 ( K-1) 
T 
Fig. 5 .  P a r a m a g n e t i c  s u s c e p t i b i l i t y  v e r s u s  1/T. 
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Electron paramagnetic resonance (EPR) studies 
The EPR s p e c t r a  were r e c o r d e d  i n  t h e  p o l y c r y s t a l l i n e ,  
n e m a t i c  and i s o t r o p i c  p h a s e s  of  complexes 3 and 4. F i g u r e  
6 g i v e s  t h e  s p e c t r a  fo r  complex 3 .  The s p e c t r a  were 
c l o s e l y  similar f o r  complex 4 and g,, and g, i n  t h e  nem- 
a t i c  p h a s e  were c a l c u l a t e d  t o  be 2.261 and 2.062 f o r  
b o t h  complexes.  These  v a l u e s  agree we l l  w i t h  t h o s e  r e p o r -  
t e d  for o t h e r  c o p p e r  complexes .”  (Here  11 and I a re  
w i t h  r e f e r e n c e  t o  t h e  u n i q u e  a x i s  of t h e  complex . )  From 
t h e  magni tude  of  t h e  h y p e r f i n e  s p a c i n g ,  it would seem 
t h a t  t h e  r a t e  o f  m o l e c u l a r  r e o r i e n t a t i o n  i s  s l o w ,  i . e . ,  
t h e  r o t a t i o n a l  c o r r e l a t i o n  time is  greater  t h a n  a b o u t  
s .  T h i s  i m p l i e s  t h a t  t h e  v i s c o s i t y  is h i g h  o r  t h a t  
t h e r e  a re  m o l e c u l a r  aggregates o r ,  most p r o b a b l y ,  a 
c o m b i n a t i o n  o f  t h e  two. Such aggregates a p p e a r  t o  be 
p r e s e n t  i n  t h e  i s o t r o p i c  p h a s e  as w e l l ,  f o r  t h e  s p e c t r a  
a r e  e s s e n t i a l l y  unchanged a t  t h e  t r a n s i t i o n .  ‘ A  more 
d e t a i l e d  a n a l y s i s  of t h e  d a t a  would e v i d e n t l y  be  of much 
i n t e r e s t .  A s  we s h a l l  see p r e s e n t l y ,  d i e l e c t r i c  s t u d i e s  
p r o v i d e  s u p p o r t i n g  e v i d e n c e  f o r  t h e  e x i s t e n c e  o f  s t r o n g  
n e a r  n e i g h b o u r  c o r r e l a t i o n s .  
On t h e  o t h e r  hand ,  t h e  s p e c t r a  of a d i l u t e  s o l u t i o n  
o f  complex 3 i n  5CT (0 .13  mole $ 1  were of t h e  s t a n d a r d  
t y p e  f o r  a p a r a m a g n e t i c  p r o b e  i n  a n e m a t i c .  
Dielectric constant measurements 
D i e l e c t r i c  c o n s t a n t  measurements  were made on  complex 
3 .  A 100 m i c r o n  t h i c k  sample  was t a k e n  between t i n  o x i d e  
c o a t e d  glass p l a t e s  and  a l i g n e d  i n  a. 15 kG m a g n e t i c  
f i e l d .  Both E,, and E, were measured on t h e  same sample  
by r o t a t i n g  t h e  c e l l  t o  t h e  a p p r o p r i a t e  c o n f i g u r a t i o n .  
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- 
E ~ ~ ,  EL, 
t r i c  a n i s o t r o p y  ( A € )  i n  f i g u r e  8 .  
E and Cis a re  p l o t t e d  i n  f i g u r e  7 ,  and t h e  d i e l e c -  
The most  s t r i k i n g  f e a t u r e  a b o u t  t h e s e  r e s u l t s  i s  
t h a t  as well  as E .  i n c r e a s e  markedly  w i t h  i n c r e a s e  
o f  t e m p e r a t u r e ,  i n d i c a t i n g  a h i g h  d e g r e e  o f  n e a r  ne igh-  
b o u r  a n t i p a r a l l e l  c o r r e l a t i o n . 2 0  T h i s  b e h a v i o u r  i s  remark-  
a b l e  i n  view o f  t h e  fac t  t h a t  t h e  d i e l e c t r i c  a n i s o t r o p y  
i s  q u i t e  small, o n l y  a b o u t  0 .27  a t  t h e  l o w e s t  t e m p e r a t u r e  
of measurement .  
1s 
The b i r e f r i n g e n c e  o f  t h e  n e m a t i c  was d e t e r m i n e d  
t o  be  0.18 a t  T N I - T  = l o o .  
F i g .  8.  Tempera ture  v a r i a t i o n  o f  t h e  d i e l e c t r i c  a n i s o t r o p y  
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